A scanning electron microscopic (SEM) study was carried out to evaluate the endothelial changes in carotid end-to-side microsurgical anastomoses. This procedure, associated with occlusion of the brachiocephalic trunk, was performed in 24 Sprague-Dawley rats. The animals were sacrificed at time intervals ranging between 15 minutes and 14 days after surgery. The specimens were collected after perfusion-fixation in vivo and treated for SEM observations. The findings show that the first 45 minutes are the most critical time for thrombus formation. Reendothelialization could be detected at 3 days after the microsurgical procedure. Endothelial regeneration occurred earlier on the suture line than on the stitches, documented by the migration and morphological changes of the endothelial cells advancing from the normal endothelium to cover the defect and the suture material. The repair was usually completed within 14 days. Damage of the inner vascular wall, related to minor failures of the microsurgical technique, appears to be a cause of delayed reendothelialization.
E
XTRA-to intracranial arterial anastomoses are used with increasing frequency for the surgical treatment of some cerebrovascular ischemic disorders. The bypass patency rate is high, ranging between 87% and 97%. 5, 8, 18 ,2e However, events affecting the anastomosis patency, such as thrombus formation, reendothelialization, increased diameter of the anastomosed vessels, and amount of intracranial filling, require further investigations. 2,', 22 Scanning electron microscopy (SEM) has been widely used for experimental studies on endothelial changes following various injuries to the intimal surface. s,12,x4,~6,2~ It has recently been applied to vascular microsurgery in order to evaluate with greater accuracy the endothelial response in anastomosed vessels. Bannister, et al., ~ and Gregorius and Rand ~s first reported the endothelial changes following end-to-end anastomoses of resected common carotid arteries in rats.
Rosenbaum and Sundt 22 observed thrombus formation in end-to-side anastomoses performed in rats treated with aspirin or heparin and in untreated rats. More recently, Gelderman and Berendsen 11 reported some findings of reendothelialization, and discussed the origin of the regenerated endothelium.
The purpose of this paper is to evaluate the endothelial response in an experimental model of end-toside anastomosis, hemodynamically reproducing a similar bypass performed in the clinical situation.
Materials and Methods
Twenty-four male albino rats (Sprague-Dawley), weighing 200 to 250 gm, were used. Under ether anesthesia, the animals were secured in a supine position to an operating table. After a midline incision from the hyoid area to the manubrium sterni, the trachea was exposed and cannulated with a polyethylene tube to maintain adequate respiratory function. By an incomplete upper sternotomy, 5 mm in length, the brachiocephalic trunk was exposed and encircled by a silk suture.
Subsequently, the common carotid arteries were dissected. During this procedure, papaverine hydrochloride was applied topically. The left carotid artery was sectioned distally below the bifurcation and passed retroesophageally near the right carotid artery ready for an end-to-side anastomosis. The diameter of the common carotid arteries was 0.8 to 1 mm. A longitudinal arteriotomy, 2 mm in length, was per- formed in the recipient vessel. The end of the donor vessel was cut and fashioned obliquely so as to adjust its length to the incision of the recipient vessel. The anastomosis was completed with interrupted stitches ranging in number from 14 to 20. The suture material was monofilament nylon 11-0 applied with an Ethicon BV-4 needle. Before the clips applied on the vessels during the suture were removed, the brachiocephalic trunk was occluded below the origin of the subclavian artery. After removal of the clips, the left carotid artery supplied blood flow toward the head and the right upper limb, providing a bidirectional flow in the recipient vessel.
After topical application of antibiotic powder, the wound was closed. The animals were then sacrificed at varying intervals of time following surgery: 15 and 45 minutes, 3 and 24 hours, and 3, 5, 7, and 14 days. Under ether anesthesia, respiration was maintained by a ventilator. Through a thoracotomy, a cannula was inserted into the left ventricle and secured to the ascending aorta in order to carry out perfusion in vivo of a fixative. Glutaraldehyde, 2.5% in 0.13 M sodiumphosphate buffer, with a pH of 7.4 and at a temperature of 37~ was injected at a constant pressure of 110 mm Hg into the cannula for 15 minutes. The right atrium was opened for the outflow of perfusate. After the perfusion was completed, the sutured carotid arteries were dissected, pinned to a strip of balsa wood, and cut longitudinally under magnification. The specimens were kept in buffered glutaraldehyde over 6 hours at 4~ rinsed in 0.13 M sodium-phosphate buffer f o r 30 minutes, dehydrated in a graded series of ethanol, and critical-point dried. They were then covered with gold palladium and examined by scanning electron microscopy at 20 Kv.
Results

Findings at 15 Minutes
A fibrin-platelet reaction was observed in all specimens at the site of the anastomosis, varying from a gross thrombotic formation to a thin layer covering the suture line and the stitches (Fig. 1A) . The thrombus was formed mainly by platelets and a fibrin meshwork with a small amount of blood cells. It was particularly evident in the holes of the endothelial surface through which the needle had passed (Fig. 1B) .
Findings at 45 Minutes
The thrombus formation persisted with cellular composition similar to that seen at 15 minutes. Few leukocytes were found adhering to the stitches (Fig. 2 ).
Findings at 3 Hours
At 3 hours, the fibrin-platelet reaction was less evident than in earlier specimens. A reduced number of platelets and blood cells was found (Fig. 3) .
Findings at 24 Hours
The endothelial surface was covered by scattered clumps of platelets, leukocytes, and red cells in the 24-hour specimens. The fibrin network adhered to the suture line and the stitches.
Findings at 3 Days
Early signs of endothelial regeneration could be seen at the base of the stitches; in fact, spindle-shaped cells could often be observed at the ends of the stitches. Early advancing reendothelialization from the normal vascular wall toward the suture line was recognized in some areas.
Findings at 5 and 7 Days
The findings at 5 and 7 days were generally so similar as to allow a common description. The reendothelialization occurred at different times on the suture line and the stitches.
The endothelial configuration near the suture line at 5 days was characterized by cellular elements with elongated appearance, advancing from the normal endothelial layers, with their longitudinal axes lying along the direction of the blood flow (Fig. 4 left) . The stitches were not completely covered by endothelium. There was evidence that flattened endothelial cells with cytoplasmic flaps extended up from the adjacent endothelial areas. Fluffy-appearing cells, a particular morphological aspect of leukocytes on the stitches described previously by other authors, 11 were rarely found in our specimens (Fig. 4 right) .
Endothelial regeneration, however, occurred on the suture line earlier than on the stitches. At 5 and 7 days, a uniform layer of endothelium might be recognizable on the suture line, with a configuration indistinguishable from normal endothelial surface, while only a few stitches might be covered by endothelial cells (Fig. 5) . In the proximity of the suture line, there was also evidence of cellular elements, characterized by a central ovoid portion with peripheral cytoplasmic protrusions; these cells were covered by microvilli (Fig. 6 ).
Findings at 14 Days
The endothelial repair was almost completed on the suture line as well as on the stitches by 14 days (Fig.  7) . However, not all the specimens were in the same stage of reendothelialization; minor differences from one specimen to another and from one area to another could be detected in the same specimen.
Microsurgical Damage
Some minor failures of the microsurgical technique influenced reendothelialization time. In three specimens, some knots protruded into the lumen of the ves-FIG. 6. Scanning electron micrographs of the endothelial surface in the area of the suture line in a specimen collected 7 days after surgery. A: An endothelial cell is shown with peripheral cytoplasmic protrusions. X 1540. B: The cytoplasmic surface is covered with microvilli. X 4720. sel (Fig. 8) ; however, clots were not uniformly found in these circumstances. Defects, produced by inaccurate juxtaposition of the vascular walls with folding of their edges, were not uncommonly recognized (Fig.  9 ). Another noteworthy finding was particularly large holes caused by the passage of the needle through the vascular wall (Fig. 5) . Wherever the above-mentioned features were seen, the pattern of the reendothelialization was delayed as compared to other fields. In spite of these particular appearances, the patency rate of the anastomoses, observed after 45 minutes, was 100%. right common carotid artery, was used as the recipient vessel. Therefore, the direction of flow was divergent from the proximal left carotid artery distally to both carotid arteries. By contrast, in our model, the end vessel, the left common carotid artery, is the donor, thus involving a different hemodynamic pattern. Bannister and Chapman 3 used venous grafts sutured between both carotid arteries, and Gelderman and Berendsen 11 used only models involving unidirectional blood flow.
Discussion
Our investigation on endothelial changes prompted us to use an experimental microsurgical model hemodynamically similar to that occurring with the more common superficial temporal-middle cerebral artery bypass? It is noteworthy that postoperative angiographic evaluation of patients undergoing extra-to intracranial bypass frequently shows a bidirectional filling of the recipient vessel. For that reason, our purpose was to investigate whether the intraluminal events and endothelial changes in our experiments were similar to the findings in hemodynamically different models reported in the literature.
In studies of the endothelial surface by SEM, controversies have arisen with reference to artifacts following varied methods of preparation. In our opinion, some methodological guidelines are warranted. Dissection of the carotid artery should be performed after perfusion-fixation in order to avoid the occurrence of craters and vasospasm. 14' 17' 2s' 24 Perfusion in vivo should be carried out with fixative at a temperature of 37~ 9 and injected at constant physiological pressure. 7,1~ The use of Ringer's or saline solution for preliminary washing of the vessels should be avoided 2~
Our findings show some features concerning thrombus formation, reendothelialization, and microsurgical technique. Thrombotic reaction to the surgical trauma, characterized by a fibrin-platelet meshwork, is mostly located at the site of the anastomosis. It is more evident in the specimens observed within 15 and 45 minutes after resumption of blood flow. At subsequent intervals, the amount and extent of coagulum gradually decrease. These findings are in agreement with the data reported by Rosenbaum and Sundt. 22 The first 45 minutes following restoration of blood flow is the most critical time for thrombotic formation in end-to-side microanastomosis.
Reendothelialization is a phenomenon that begins at 3 days and is usually completed at 14 days. However, no definite statement can be made about this timing. Less commonly, our findings showed different pictures of endothelial repair varying from one specimen to another, and, in the same specimen, from one area to another. The observations of Rosenbaum and Sundt 22 were continued up to 9 days, when a complete endothelial covering was recognized on the suture line. By contrast, O'Brien 2~ reported a more delayed repair, extending to about 4 weeks. It is difficult to put forward any clear-cut interpretation of F. Tomasello, et al.
this discrepancy in the phases of the reendothelialization. However, endothelial regeneration occurs on the suture line earlier than on the stitches.
With reference to the origin of the new endothelial cells and their covering of the suture line and stitches, our findings suggest that new endothelium is derived from preexisting endothelium. Defects in the vascular wall and the stitches are gradually covered by an advancing layer of endothelial cells migrating from the edges of the normal intima. It is to be emphasized that endothelial regeneration over the stitches proceeds from the peripheral ends toward the middle. Similar findings of reendothelialization were observed during healing of the canine aorta after endarterectomy, TM and later by Bannister and Chapman a in end-to-side anastomoses.
The new endothelial elements, characterized by a spindle shape (Fig. 6) , are provided by several cytoplasmic protrusions. The surface of these regenerating cells is often covered by microvilli and other cytoplasmic processes. Recent research concerning the morphology of cultured endothelial cells indicates that the above-mentioned finding is related to a high metabolic rate and active movement of celts. 2s Therefore, it is conceivable that an active proliferation is involved in the repair of microsurgical anastomosis. The origin of endothelial cells from blood-borne elements cannot be identified by our observations. Fluffyappearing cells, as described by Gelderman and Berendsen, 11 were unusual in our specimens. According to those authors, these cells would be leukocytes, of a monocyte-macrophage type, in the process of flattening and transforming by way of fibroblast-like cells to endothelial cells. Different procedures of perfusion-fixation, particularly the preliminary vascular washing by Ringer's solution performed by Gelderman and Berendsen, 11 may partially explain these different findings? 1 The features of normal endothelium reported by us 2a also differ to some extent from the findings of these authors.
The influence of the accuracy of the microsurgical technique on reendothelialization is documented. There is evidence that folded edges of the vascular wall, intraluminal knots, or wider holes produced by passing the needle are causes of delayed endothelial repair. However, the role of the technique in determining the long-term patency (more than 14 days) and its quality cannot be assessed on the basis of our findings. A more prolonged observation is needed to answer this question.
Conclusions
1.
In spite of different hemodynamic conditions determined in our model, the amount and the time course of the thrombotic reaction are quite similar to those reported in previous papers.
2. The time for endothelial repair in most specimens ranged from 3 to 14 days. Endothelial repair occurred earlier over the suture line than the stitches.
